The abnormal brain discharges observed in benign childhood epilepsy with centrotemporal spikes (BECTS) and temporal lobe epilepsy (TLE) are located close to areas responsible for auditory and language processing. This study aimed to analyze the results of auditory event-related potentials (P300) in children with BECTS and TLE in order to assess whether the epileptic activity in centrotemporal and temporal regions may compromise the integrity and physiology of auditory system structures. This was a prospective, comparative, and cross-sectional study. Group I (GI) consisted of 13 children diagnosed with BECTS, group II (GII), 7 children diagnosed with TLE, and control group (GIII), 16 healthy children, with no hearing or academic complaints. After neurological and basic audiological assessments, P300 was applied. The P300 latency and amplitude were compared between groups. Regarding latency, GI showed 324.1 (+ 31.5) ms, GII 336.3 (+ 23.5) ms, and GIII 318 (+ 27.7) ms. Amplitudes were 4.80 (+3.2) μV in GI, 4.7 (+2.5) μV in GII, and 5.8 (+2.4) μV in GIII. Although children with BECTS showed prolonged latencies and reduced amplitudes, these differences were not considered statistically significant. Children with TLE showed statistically significant prolonged P300 latency compared with the control group (P = 0.037). We speculate that abnormal electrical discharges in centrotemporal and temporal regions led to the slowing of auditory processing in our sample.
Introduction
Anatomical and functional integrity of the auditory pathways, from peripheral to central structures, is essential for proper processing of auditory stimuli and a satisfactory development of language, speech, and learning [1] .
Neurological disorders, such as epilepsy, are one of the possible causes of central auditory disorders. Benign childhood epilepsy with centrotemporal spikes (BECTS) and temporal lobe epilepsy (TLE) are two of the most common forms of epilepsy reported in the literature [2] [3] [4] .
Benign childhood epilepsy with centrotemporal spikes (BECTS) is an electroclinical syndrome characterized as focal, genetically determined, and age-related [5] . There are no visible anatomic lesions, and spontaneous seizure remission usually occurs before adulthood. It usually affects children from 3 to 13 years, with genetic predisposition and male predominance. The diagnosis is made by the association of clinical and electroencephalogram (EEG) findings, which show normal background activity with high voltage sharp waves in the centrotemporal (rolandic) region, followed by slow waves activated by sleep [6] .
Temporal lobe epilepsy in children differs from the relatively homogeneous characteristics observed in adults and shows many clinical and electroencephalographic features [7, 8] . In childhood, seizure semiology varies with age, and EEG pattern may be less clear. However, in children over 6 years old, the semiology of seizures is very similar to that of adults [7] . In adults, TLE is characterized by focal seizures that can occur within a single clinical event or evolve to secondarily generalized seizures. On EEG, interictal period shows no abnormality or mild to severe background activity asymmetry in temporal regions. Spike and/or slow temporal waves, uni-or bilateral, synchronous or asynchronous, can be seen. Also, these findings are not always located only in the temporal region [6, 9] .
Recent studies have reported language, learning, and cognitive deficits in children with BECTS and TLE [10] [11] [12] [13] [14] . There are also reports of difficulties in the processing of speech sounds in noisy environments, despite normal hearing thresholds [15] . Auditory processing disorder is a risk factor for language impairments and decreased academic performance, and therefore, it may be related to the deficits experienced by these children [16] .
Event-related potentials (ERP) are considered a clinically relevant tool for assessing cognitive function in patients with neurological disorders, including epilepsy [17] [18] [19] . Auditory ERP assessment is based on the measurement of neuroelectric activity at each site of the auditory pathway and provides precise observation of auditory processing in time, mostly reflecting the activity of thalamus and cerebral cortex, structures involved in discrimination, integration, and attention functions [20, 21] .
The P300 is the most-used long latency endogenous potential in clinical practice, and it represents a neurophysiological index of attention-dependent auditory processing [2] . This potential is related to the time that a subject takes to process a given stimulus (understand, evaluate, discriminate, activate selective attention and working memory, and then take a decision) [22, 23] . Its component sequence reflects the course of auditory processing activity in milliseconds (ms). The P300 latency is directly related to the speed of information processing [24] . The P300 amplitude, on the other hand, indicates the extent of resources allocated to perform specific neural cognitive processes, meaning that it reflects the number of fibers activated in the task [23] .
The P300 provides information about the neurophysiological substrate associated with cognitive processes, such as memory, attention, auditory discrimination, sequential information processing, and decision taking, all necessary for auditory processing [21, 25, 26] . The P300 waveform does not depend on the physical characteristics of the sensory input, but it is influenced by the cognitive activity performed [18] .
The topography of spikes in BECTS and TLE, with epileptic activity in centrotemporoparietal, perisylvian, temporoparietal, and temporal regions, suggests that they may originate near auditory and language cortices. Electrical discharges are close to the final point of the auditory pathway in both types of epilepsy [17, 27, 28] . However, the mechanisms in which they can affect hearing function still remain to be explored.
Therefore, this study aimed to analyze the results of P300 in children with benign childhood epilepsy with centrotemporal spikes (BECTS) and temporal lobe epilepsy (TLE) in order to provide evidence that structural or electrical abnormalities in the centrotemporal and temporal regions may impair the integrity and physiology of auditory system structures.
Material and methods
This was a prospective, cross-sectional study conducted at the Laboratory of Audiology from the Center of Studies and Researches in Rehabilitation (CEPRE) and the Neuroepilepsy Ambulatory Unit/University Hospital, both from the State University of Campinas (UNICAMP/ Brazil), in partnership with the Department of Physical Therapy, Speech Pathology and Occupational Therapy of the University of São Paulo (USP). This study was approved by the Ethics in Research Committee (protocol number 354/2010). Written informed consent was obtained for all participants.
We evaluated 36 children, divided into three groups: group I (GI): 13 children with benign epilepsy with centrotemporal spikes, group II (GII): 7 children with temporal lobe epilepsy, and control group (GIII): 16 children with no hearing or learning complaints, no history of epilepsy or other diseases involving the central nervous system (CNS), and no history of abnormalities in language and learning development.
Children from GI and GII underwent clinical neurological examination, conducted by a neurologist, intelligence quotient assessment (IQ) by the Wechsler intelligence scale for children (WISC III) [29] , and magnetic resonance imaging (MRI), performed with a 2.0-T scanner (Elscint Prestige) and interpreted by an expert in the area. The BECTS and TLE characteristics were determined according to the International League Against Epilepsy Classification [5] , and diagnoses were based on the combination of clinical symptoms, EEG findings, and structural imaging data.
Inclusion criteria for GI and GII were: normal neurological examination, IQ ≥ 80, and normal hearing as assessed by a basic audiological evaluation (normal findings on otoscopy exam, pure tone thresholds ≤15 dBHL, and type A tympanogram in both ears) [30, 31] . Group I participants showed normal MRI, and GII children were included regardless of MRI results. These criteria were defined in order to avoid the influence of peripheral hearing disorders or cognitive impairments on auditory electrophysiological testing.
The control group was composed of children from public elementary schools selected by means of a questionnaire answered by their teachers. Inclusion criteria were: no history of epilepsy or other neurological or developmental impairments, no history of otologic diseases or hearing complaints, no academic difficulties, no use of medications, and normal results in the basic audiological evaluation.
Procedures
Information regarding hearing complaints; otologic problems; global, language, and speech development; academic performance; and history of diseases was collected by a clinical interview carried out with parents.
After this interview and the basic audiological assessment, P300 recording was conducted using the Eclipse EP25 (Interacoustics). Surface electrodes were positioned according to the International 10-20 [32] , after cleansing the skin with alcohol, using abrasive paste and then applying of conductive gel. Impedance between electrodes was kept b5 kΩ, according to recommendation of the equipment manufacturer. Auditory stimuli were presented monaurally through insert earphones. The assessment was performed in a sound-attenuated and electrically shielded room, with low light, while children remained seated on a comfortable reclining chair. Children were instructed to keep their eyes closed and to avoid body movements, especially from face and neck regions.
The P300 was obtained through the auditory oddball paradigm, which is based on the identification and discrimination of a rare stimulus (target) presented randomly and less frequently in a series of frequent stimuli (nontarget). A sequence of 300 tone bursts at 75 dBHL was presented, at a rate of 1.1/s, and a bandpass filter of 0.83-33 Hz was used. Target stimulus was a 2000-Hz tone burst presented at a rate of 20% and mixed with the nontarget stimulus, a 1000-Hz tone which corresponded to 80% of the presentations. Children were instructed to mentally count the target stimulus. Reference electrodes were placed on the mastoids (M1 and M2), an active electrode at Fz, and a ground electrode at FPz. An analysis window of 750 ms was used. The presence, latency, and amplitude of P300 wave were measured.
Prior to the recording, a demonstration phase was conducted in order to guarantee that the child understood the task. After the demonstration, the test was started. Children were asked to report the number of rare stimuli at the end of testing for each ear separately. The reported number was compared with the total number of rare stimuli presented by the equipment, to ensure that the child performed the task properly and kept attention on the infrequent stimuli.
Separate averaged evoked potential waveforms were obtained for the rare and frequent tones. The P300 wave was identified as the largest positive peak, ranging from 225 to 396 ms, after the N1, P2, and N2 waves. The P300 amplitude was obtained from the difference in microvolts from positive to negative peaks. Both latencies and amplitudes were compared with those observed in control patients. Two different examiners analyzed the responses separately to avoid errors in the identification of the waves and therefore increase the accuracy of the results.
Homogeneity of groups regarding age and gender was evaluated by means of ANOVA and the equality of two proportion tests, respectively.
The comparison of P300 latency and amplitude between right and left ears was performed with paired t-tests, as they refer to observations in the same individual. For results in which no significant differences between ears were found, we adopted the ear as the sampling unit, otherwise the analysis was conducted considering right and left ears separately. The comparison of P300 results (latency and amplitude) between groups was performed by ANOVA. The significance level was 5%, and data on which statistically significant differences were observed were highlighted in bold. All confidence intervals were constructed with 95% statistical confidence. Data were analyzed using V17 SPSS, Minitab 16, and Office Excel 2010. Table 1 shows that groups I, II, and III were homogeneous concerning age and gender. Demographic data of patients from GI and GII and the presence or absence of auditory and learning complaints are summarized in Tables 2 and 3, respectively.
Results
An intragroup comparison (Student's t-test) was performed for P300 (latency and amplitude) between right and left ears. Since no significant difference was found between ears, the results were amalgamated for group comparisons. The values of P300 latencies and amplitudes observed in groups I and III and in groups II and III, as well as the comparisons between them, are described in Tables 4 and 5, respectively.
Group I patients showed prolonged latencies and reduced amplitudes, but these differences were not statistically significant. Group II showed statistically prolonged latencies in comparison with the control group.
Discussion
Abnormal electrical discharges in BECTS and TLE occur in centrotemporal, perisylvian, and temporal regions, areas that are close to the final destination of the auditory pathway. Thus, those discharges can potentially lead to a dysfunction of these areas, which could compromise auditory cognitive processing. The relationship between auditory processing disorders, language impairments, and learning disabilities that have been associated with these children in recent literature remains unclear and deserves particular attention.
The groups evaluated were homogeneous in relation to age and gender (Table 1) . Patients were 8 to 15 years old, a period in which maturation of central auditory pathways is still in progress [33] , influencing event-related potential responses. Discrepant responses arising from different stages of maturation could be misinterpreted as real changes caused by neuronal epileptical discharges. Homogeneity between groups regarding age reduces this possibility in this study. Unlike age, gender does not seem to be a significant variable in the study of P300 latency and amplitude [34, 35] .
The P300 latency and amplitude values found in our sample are consistent with other studies undertaken with children with epilepsy [2, 18] . Although only the increased latency in GII was considered statistically significant, we observed prolonged mean latencies and reduced amplitudes in both groups with epilepsy (Tables 4 and 5 ). Many studies have addressed cognitive function impairment in children with epilepsy through the analysis of ERP. The results are heterogeneous and often controversial. While some studies have reported prolonged latencies [36] [37] [38] [39] , others have observed no changes [2, 18, [40] [41] [42] [43] .
The group with TLE showed the most pronounced increase in latency (336.3 ms), followed by patients with BECTS (324.1 ms). The control group had the shortest latency (318 ms). For amplitude, the highest values were observed in the control group (5.8 μV) and lowest in the children with TLE (4.7 μV). Children with BECTS showed intermediate values (4.80 μV) . Although the benign classification of BECTS has been questioned by recent research, this type of epilepsy is less severe compared with many others, including TLE, since there are no anatomical injuries, seizure frequency is low, and there is spontaneous remission before adulthood [2] . However, TLE may be due to structural etiologies such as cortical dysplasia or tumors, mesial temporal sclerosis, and migrational disorders. Clinically, these children may have frequent seizures, characterized by auras and impaired consciousness [44, 45] . Their seizures often become resistant to high levels of drugs, requiring surgical procedures [46, 47] . Moreover, their abnormal discharges often occur exactly in the region where the auditory pathway ends, which is the same region responsible for more elaborate auditory processing skills. We speculate that the degree of severity and location of epileptic activity will correlate with the greater involvement of P300 observed in GII compared with groups I and III in this study.
The high interindividual variability observed in our sample may result from different etiologies and stages of epilepsy, lesion topography, duration and frequency of seizures, and use of antiepileptic drugs. This variability may have contributed to all P300 changes that were not considered statistically significant.
We evaluated children at different epilepsy stages. Some authors have reported P300 abnormalities in children with different types of epilepsy, including BECTS [2, 37] , and with occipital paroxysms [48] , which improved after complete recovery from seizures. Other studies have shown that neuropsychological and auditory discrimination deficits, language impairments, and decreased academic performance, all observed in the ictal period, normalized after regression of epileptic discharges with seizure control, suggesting that maturational factors were related to cognitive function [49] [50] [51] [52] . These findings indicate that children with epilepsy may develop impairments which may regress after the active phase. However, some authors have observed persistent language disorders in children with BECTS even after remission of seizures and reported that children who had a shorter duration of seizure activity showed better performance in reading [12, 53] .
In our sample, children with BECTS underwent hearing assessment at least two years after the last seizure in 30.8% of cases, at least five years in 38.4% and in less than a year in 30.8%. In relation to children with TLE, three (42.8%) still had crises by the assessment time. Regarding the remainder, evaluations were performed in an interval greater than or equal to one year in 75% of the cases and greater than two years in 25%.
As most of the children had well-controlled epilepsy, neuroplasticity may have helped auditory pathway reorganization, leading to structural and functional changes. This process is understood as physiological changes in the CNS, which occurs in response to environmental stimulation [54] . The assessment of children when the process of plasticity was already in progress may have contributed to the latency differences in GI, and explain why amplitude difference in groups I and II did not reach significance. We hypothesize that electrical discharges could lead to functional changes in the auditory pathway, which could progressively reduce with seizure control, since this process is followed by neuroplasticity [47] . Thereby, electrophysiological assessment performed during the active phase would identify more evident alterations. Neurological changes can be monitored with electrophysiological tests, since the reduction or increase of auditory-evoked potential latency has been described as a neurophysiological correlate of neural plasticity. Electrophysiological changes precede the behavioral ones, which require more time to appear, because it implies the integration of these modifications in a conscious awareness, in addition to the involvement of more central cognitive processes [55, 56] .
Cognitive operations reflected by event-related potential components are supported by specific brain systems. Decreased amplitude or increased latency of P300 is indicative of deficits in cognitive processing of the sensory information [3, 26, 57] and can lead to inferences about the nature and site of a brain dysfunction [23] . In epilepsy, ERP abnormalities can be caused by the epileptogenesis process itself, seizures, lesions, or drug therapy [22] . In our sample, prolonged latencies and reduced amplitudes found in children with epilepsy suggest a dysfunction in the auditory pathways, characterized by slowing of auditory cognitive processing. We speculate that this dysfunction can be attributed to the abnormal brain discharges in areas near to the ones responsible for auditory processing. Epileptic activity causes a disorganization of neural networks which are directly or indirectly related to the epileptic zone. Disorganization leads to dysfunction or impairment of cognitive neural networks [42] .
Banai and Kraus [58] reported that difficulties in most developed listening skills, such as temporal processing, are related to delays in neural synchrony for verbal and nonverbal sounds, in both the brainstem and the cortex regions of the auditory pathway. Auditory-evoked related potentials allow the assessment of neural synchrony in milliseconds, providing a window for observing temporal processing. Patients with TLE showed significant delays for P300 latency, suggesting an impairment in regions of the auditory cortex and, consequently, in more refined listening skills in these children.
All patients assessed in our study were able to perform the oddball paradigm. Thus, reduced amplitude and increased latency in GI and GII may suggest that a smaller group of neurons responded to stimuli or the intensity of neural firing was reduced during the cognitive processing of acoustic information [59] .
The P300 is more diffuse than other potentials because of the overlapping, parallel, and simultaneous activity of multiple sequential sources within the nervous system, which makes the identification of its precise source extremely difficult. Briefly, P300 includes parietal lobe, frontal lobe, temporal lobe, thalamus, and hippocampus responses [22, 26] .
Chayasirisobhon, et al. [18] did not observe changes in the P300 of children with recently diagnosed temporal lobe epilepsy, who had not started antiepileptic drugs, when compared with the control group. The authors concluded that these results do not support temporal sources as generators of P300. Some authors suggest that the critical site for this wave generation is the lateral neocortex of the inferior parietal lobe, which corresponds to orientation and attention to relevant events. The inferior parietal lobe interacts with medial and lateral prefrontal areas in attention processes, and these heteromodal paralimbic areas interact with hippocampus in memory processes [60] . Whereas BECTS affects centrotemporal structures, TLE, in most cases, involves the mesial-temporal structures [2, 4] . So, considering that temporal lobe might not be critical for P300 generation, this potential might not be the most sensitive to identify central auditory disorders patients with BECTS and TLE, such as the patients in the current study, whose abnormal electrical discharges are located in this lobe and in the areas nearby. Moreover, as it is a potential generated by multiple sources and as the brain works in an integrated manner, neuronal populations of brain regions less affected by seizures may develop greater excitability and increase electrical discharges to compensate for the dysfunction of affected areas. Thus, remaining sources would contribute to the generation of P300 without significant changes, even if there is some degree of compromise in other areas. Consequently, this method performed isolatedly would not be the most effective to identify dysfunctions of temporal lobe and adjacent areas, affected by BECTS and TLE.
Besides the compensation, abnormal discharges associated with BECTS and TLE mainly affect regions involved in speech sound processing. Thus, evaluation conducted with ERP triggered exclusively by pure tones would not necessarily reveal significant changes. Undergoing ERP evaluation with both tonal and speech stimuli would allow the assessment of a greater extent of brain regions.
Miyajima et al. evaluated patients with TLE through MMN with pure tones, and an increase in the wave amplitude in frontocentral regions was found, while no differences were seen in mastoid regions. The authors concluded that this increase can reflect frontal lobe hypersensitivity to compensate temporal lobe dysfunction [61] . Hara et al. [47] , on the other hand, collected MMN using speech stimuli in patients with TLE and observed altered responses from electrodes placed in mastoid regions while those from central frontal regions were not significantly affected. Boatman et al. [62] assessed children with BECTS by behavioral and electrophysiological hearing tests and observed no changes in electrophysiological tests performed with pure tones. However, MMN triggered by speech stimuli was absent in three patients and prolonged in the remaining. This finding also corroborates another study in which authors concluded that MMN abnormalities to phonetic stimuli may differ from those obtained for tonal sounds [63] . These results suggest that auditory impairments experienced by these children may be specific or more pronounced for speech stimuli or similar complex sounds than for pure tones.
Considering that most of the children evaluated in the present study had hearing complaints (53.8% in GI and 85.7% in GII) and academic difficulties (84.6% in GI and 28.6% in GII), we hypothesized that, although abnormal electrical discharges can cause a general delay in acoustic stimuli processing, they would lead to more significant alterations in nonprimary auditory regions, involved in more elaborated processing abilities, specifically in the processing of speech stimuli and complex sounds. This hypothesis is strengthened by the fact that, in our study, P300 was performed through the discrimination of two pure tones that differed concerning the frequency, and although it was observed prolonged responses in patients with epilepsy, except GII latency, other differences were not considered statistically significant, ruling out major changes in primary auditory cortex.
The association between behavioral and electrophysiological auditory measures may be a useful tool for the assessment of physiology, site of lesions and dysfunctions and the type and degree of impaired auditory abilities, making the diagnosis of auditory processing disorders more accurate, complete, and reliable [64] . Therefore, we suggest that further studies involving the association of objective and subjective techniques be performed with larger samples of children with BECTS and TLE, which would clarify the degree of impairment that abnormal brain discharges can cause in central auditory system. This association will increase the accuracy of diagnosis of auditory processing disorders and will help the understanding of the underlying physiological mechanisms.
Additionally, longitudinal studies should be conducted in order to monitor children with epilepsy who present behavioral impairments in auditory processing tests. Jirsa [65] recorded P300 ERP and auditory behavioral tests in children with (central) auditory processing disorder after therapy and observed improvements on P300 responses, which were not observed in the behavioral assessment. Monitoring patients using electrophysiological and behavioral tools may be more effective in demonstrating central auditory abnormalities. This follow-up will enable the early identification of affected patients, as well as improvements due to therapeutic interventions, and help in deciding on appropriate remedial measures.
Conclusion
In conclusion, children with BECTS and TLE presented abnormalities in auditory event-related potentials, which suggest that epilepsy-related abnormal neurophysiological activity in centrotemporal and temporal regions can lead to structural or functional impairment in cortical and subcortical regions and therefore result in auditory processing deficits. 
